Background: Plant sterols and exercise favourably alter lipid profiles in a way that protect against future coronary heart disease (CHD). However, their effects on other indicators of CHD risk, such as LDL particle size, still need further clarification. Objective: This study examined the effect of plant sterols, exercise, and the combination of plant sterols and exercise, on LDL particle size and distribution in previously sedentary, hypercholesterolemic adults. Design: In an 8-week, placebo-controlled, parallel-arm clinical trial, 84 subjects were randomized to one of four intervention groups: (1) combination of sterols and exercise, (2) exercise, (3) sterol, or (4) control. Results: Exercise significantly (Po0.05) reduced post-treatment LDL peak particle size from 255 to 253 Å . Additionally, exercise significantly (Po0.05) decreased the proportion of large LDL particles within plasma. Sterol supplementation significantly (Po0.05) decreased the estimated cholesterol concentrations within small, medium, and large LDL particles by 13.4, 13.5, and 14.4%, respectively, yet had no effect on the distribution of cholesterol among various LDL particle sizes. Furthermore, decreased body weight post-training was associated with increased cholesterol in small LDL particles (r ¼ À0.52, Po0.0001). Decrease in body fat percent (BF%) post-training was associated with increased cholesterol concentrations in small LDL particles (r ¼ À0.29, Po0.01). Conclusion: On the basis of modulating LDL electrophoretic characteristics, the present study demonstrates that plant sterols have no effect on CHD risk, while short-term exercise may potentially increase CHD risk by decreasing LDL peak particle size.
Introduction
Accumulating evidence suggests that small, dense LDL particles exist as an independent risk factor for future coronary heart disease (CHD) 3 (St-Pierre et al, 2001; Koba et al, 2002; Sacks & Campos, 2003) . In patients with CHD, the relative proportion or concentration of small, dense LDL is often increased (Sacks & Campos, 2003) . Several characteristics link small LDL subfractions to atherogenesis, these include: long residence time in plasma, enhanced oxidizability, and increased permeability through the endothelial barrier (Festa, 2001) . Together, these findings support the hypothesis that small, dense LDL particles contribute to an increased risk of future CHD, and that the distribution and concentration of these atherogenic lipoproteins may be used to evaluate response to lipid therapy. Plant sterols and endurance training have been shown to favourably alter lipid profiles in such a way that they confer protection against future CHD (Leon & Sanchez, 2001; Bourque et al, 2003; Katan et al, 2003) . More specifically, plant sterol supplementation has been shown to decrease both total and LDL-cholesterol concentrations (Bourque et al, 2003; Katan et al, 2003) , while exercise training has been shown to increase HDL-cholesterol while decreasing triacylglycerol concentrations (Leon & Sanchez, 2001) . Thus, when combined, these two therapies produce the most beneficial alterations in each lipid parameter, therefore resulting in greater CHD risk reduction than that of each intervention alone. Nevertheless, the effects of these therapies alone or in combination on other indicators of CHD risk, such as LDL particle size, still needs further clarification. Presently, very little evidence exists to support a cause and effect relationship between plant sterols and LDL particle size. In the few studies that have been undertaken, supplementation with plant sterols has not been shown to significantly modulate either LDL diameter or the cholesterol levels within the small LDL subfractions (Matvienko et al, 2002; Charest et al, 2004) . Similarly, very little research has been conducted that isolates the effect of endurance exercise on LDL particle size and distribution. In a study that examined the effect of 16 weeks of physical activity in previously sedentary adults on oxidative stress biomarkers, no effect was noted posttreatment with respect to LDL particle diameter (Elosua et al, 2003) .
Thus, the objective of the present study was to examine the effect of plant sterols, endurance training, and the combination of plant sterols and endurance training on LDL particle size as well as the cholesterol distribution among different LDL subclasses, in previously sedentary, hypercholesterolemic adults. In addition, the extent to which changes in body weight and body composition modulate LDL particle size and distribution was examined.
Subjects and methods

Human subjects
The study design was described in detail previously (Varady et al, 2004) . Briefly, 84 men and women were recruited to participate in the study. Key inclusion criteria were as follows: age 40-70 y; previously sedentary, defined as o1 h/ week of light intensity exercise at 2.5-4.0 metabolic equivalents (METs) for the 3 months prior to the study (Montoye et al, 1996) ; total cholesterol concentrations greater than 4.5 mmol/l; non-smoking; free of cardiovascular disease (CVD); nondiabetic; body mass index between 18 and 40 kg/m 2 ; not taking lipid or glucose lowering medications; normotensive or hypertensive controlled by medications not affecting lipid or glucose metabolism; free of other medical conditions that would preclude subjects from participating in a moderate intensity endurance exercise programme. The experimental protocol was approved by the Human Ethical Review Committee of the Faculty of Agricultural and Environmental Sciences for the School of Dietetics and Human Nutrition at McGill University. All volunteers gave their written informed consent to participate in the trial, prior to the commencement of the study.
Experimental design
As described elsewhere (Varady et al, 2004) , an 8-week, randomized, single-blind, placebo controlled, parallel-arm clinical intervention trial was implemented as a means of testing the study objectives. Subjects were randomized by way of a stratified random sample into the following four intervention groups: (1) combination group (administered sterol-enriched margarine with exercise intervention), (2) exercise group (administered placebo margarine with exercise intervention), (3) sterol group (administered sterolenriched margarine with no exercise intervention), and (4) control group (administered placebo margarine with no exercise intervention).
Plant sterol protocol
During the course of the study, subjects were asked to replace their habitual margarine intake with the experimental margarines provided. At baseline, a 1500 g container of unlabelled margarine along with a standardized utensil that measured 5.5 g of margarine per scoop was distributed to the volunteers. Subjects were then instructed to consume 4 level scoops of the margarine/day on a bread product of their choice. Volunteers randomized to receive the sterol-enriched margarine consumed 22 g/day of Proactive margarine (Unilever BestFoods, Purfleet, UK), corresponding to an intake of 1.8 g/day of plant sterols. In contrast, volunteers randomized to receive the control margarine consumed 22 g/day of Flora Light (VandenBergh Foods, Crawley, UK), a spread not fortified with sterols. The nutrient distributions of the margarines were similar with respect to total energy, fat, carbohydrate, protein, and fibre (Table 1 ). The study was single-blinded such that the subjects did not know whether they were receiving the control or sterol-enriched spread. To ensure compliance, margarine containers were weighed on days 0 and 56, and the calculated difference was taken to represent the amount of margarine consumed. Subjects were asked to maintain their regular diet regimens throughout the course of the trial. 
Exercise protocol
Volunteers randomized to the exercise intervention groups trained at moderate intensity (Fletcher, 1997) three times per week under supervised conditions in the research laboratory. Those subjects not participating in the exercise intervention were asked to maintain their regular level of activity throughout the course of the 8-week trial. Stair-stepping machines and stationary bicycles were used to perform the endurance training. An age-predicted heart rate maximum (HRmax) equation (209À(0.7 Â age)) (Tanaka et al, 2001 ) was used to estimate individual training intensity. During the first 2 weeks, exercise sessions consisted of 25 min of exercise corresponding to 60% of each subject's HRmax. Training duration and intensity increased incrementally at week 2, week 4, and week 6, by 5 min and 5% HRmax, respectively. Thus, at week 6, the participants trained for a 40-min duration at an intensity of 75% HRmax. Polar Heart Rate Monitors (Polar USA, Inc., Woodbury, NY, USA) were worn while training to estimate training intensity. Attendance was recorded at each session, and if a session was missed, the subject was required to make up for the missed session during that same week. As indicated previously (Varady et al, 2004) , body weight was assessed on days 0 and 55, while body fat per cent (BF%) was assessed in triplicate on days 0 and 55 using a hand-held bioelectrical impedance analyser (Omron BF302, Omron Healthcare, Japan) (Deurenberg et al, 2001 ).
Laboratory analyses
Blood samples (12-h fasting) were collected on the mornings of days 0 and 56 of the trial. Blood was centrifuged for 15 min at 520 Â g and 41C to separate plasma from RBCs, and was stored at À201C until analysed. As previously described (Varady et al, 2004) , plasma lipids and triacylglycerol concentrations were measured in duplicate using standardized procedures. LDL particle diameter analysis was performed on whole plasma using nondenaturing 2-16% polyacrylamide gradient gel electrophoresis (St-Pierre et al, 2001) . Plasma samples (3.5 ml) were mixed with a sampling buffer containing 20% sucrose and 0.25% bromophenol blue in a 1:1 (v/v) ratio. Samples from each of the four intervention groups were applied to each unique gel in a random fashion. After a 15 min prerun, electrophoresis was performed at 150 V for 3 h. Gels were then stained for 1 h with Sudan black (0.07%) and stored in a 0.81% acetic acid/4% methanol solution until analysis. The Imagemaster 1-D Prime computer software (Amersham Pharmacia Biotech, Piscataway, NJ, USA) was used to analyze the gels. Mean LDL particle size was computed by integrating the relative contribution of each LDL particle subfraction within a sample and corresponded to the weighted mean of all LDL subfractions. Integrated LDL particle size was calculated as the sum of LDL subspecies' diameter multiplied by its relative proportion. The relative proportion of LDL having a diameter o255 Å (termed LDL% o255 Å ) was obtained by computing the relative area of the densitometric scan o255 Å . The absolute concentration of cholesterol within the LDL subfraction characterized by a diameter o255 Å (termed LDL-C o255 Å ) was crudely estimated by multiplying total plasma LDL-cholesterol concentrations by LDL% o255 Å as previously described (St-Pierre et al, 2001) . In order to assess the relative and absolute concentrations of cholesterol in the LDL subfractions with a diameter 4260 Å (LDL% 4260 Å and LDL-C 4260 Å , respectively) and in those with a diameter between 255 and 260 Å (LDL% 255-260 Å and LDL-C 255-260 Å , respectively), a similar approach was employed.
Statistical analyses
Results are presented as means7standard error of the mean (s.e.m.). Differences between groups at baseline were analysed using a one-way ANOVA model. When a significant difference was found between groups, a Tukey post hoc test was performed to determine the differences between group means. When baseline differences were noted for a specific parameter, ANCOVA was performed with the baseline value as a covariate. Differences between group post-treatment values were analysed using a two-factor ANOVA model, which identified sterol and exercise effects, and their interactions. Mean changes within each group from baseline to the end of the trial were analysed using a Student's paired t-test. Spearman's correlation coefficients were calculated to test for associations between treatment-induced changes in triacylglycerol concentrations as well as body weight/ composition and LDL electrophoretic characteristics. A level of statistical significance at Po0.05 was used in all analyses. Tests for normality were included in the model. Sample size was calculated assuming a 10% change in LDL-cholesterol concentrations, with a power of 80% and an a risk of 5%. Data were analysed by using SAS software (version 8.0; SAS Institute Inc, NC, USA).
Results
A total of 84 subjects commenced the study, while 74 completed the entire 8-week trial. Eight subjects dropped out due to time constraints, while two others dropped out due to injuries not resulting from participation in the study. After loss due to dropouts, the number of completers in each intervention group was as follows: combination group (n ¼ 18), exercise group (n ¼ 18), sterol group (n ¼ 18), and control group (n ¼ 20). Data from one subject in the control group were not analysed due to plasma sample loss. At the beginning of the trial, the groups were shown to be similar with regards to age, BMI, plasma lipid concentrations, and exercise level (Varady et al, 2004) . Compliance with both the plant sterol and exercise protocols was shown to be acceptable. No changes were reported with regards to diet or lifestyle habits during the course of the study. With respect to blinding, subjects were not able to identify which margarine they were consuming. A significant decrease in body weight of 1.0170.23 kg (Po0.01) and 1.0270.28 kg (Po0.05) was seen within the combination and exercise groups, respectively, when compared to the sterol and control group. Similarly, the combination and exercise group experienced a significant decrease of 4.5% (Po0.01) and 3.4% (Po0.05) in BF%, respectively, when compared to the sterol and control group.
Plasma lipid profiles
As described previously (Varady et al, 2004) , total cholesterol concentrations were 7.7 and 9.3% lower (Po0.01) posttreatment in the combination and sterol groups, respectively, when compared to the exercise and control group (Figure 1) . LDL-cholesterol concentrations showed no difference between groups post-treatment. HDL-cholesterol concentrations increased by 7.5 and 9.5% (Po0.01), while triacylglycerol concentrations decreased by 11.8 and 16.6% (Po0.01) post-treatment in the combination and exercise groups, respectively, when compared to the sterol and control group. When a correlation was performed to test the association between per cent change in triacylglycerol concentrations over the course of the trial and LDL electrophorectic characteristics, no significant associations were noted.
LDL peak and integrated size
Peak and integrated size of LDL particles over the 8-week trial are presented in Table 2 . LDL peak particle size was shown to be significantly (Po0.05) different between groups at baseline. When the data were further analysed, it was shown that the peak particle size of the combination group was significantly larger than that of the sterol group. Results of the two-factor ANOVA revealed no significant sterolby-exercise interactions. However, a significant (Po0.05) main effect of exercise resulting in a reduction from 255 to 253 Å in peak particle size was observed post-treatment. With regards to LDL integrated size, sterol-by-exercise interactions were not significant. Moreover, no significant main effects of sterols or exercise were noted.
LDL distribution
The relative and absolute distributions of cholesterol among small (o255 Å ), medium (255-260 Å ), and large (4260 Å ) LDL particles at baseline and post-treatment are presented in Table 3 . With respect to the relative distribution of the different LDL particle subfractions, no significant differences were noted between groups at baseline. In addition, sterolby-exercise interactions were not significant. Moreover, no significant main effects of sterols or exercise were noted for the relative distribution of the different LDL particle subfractions post-treatment. However, when a within group analysis was performed, the per cent of large particles within the exercise group was shown to decrease (Po0.05) from baseline to the end of the trial, but the concurrent increase in the per cent of medium size particles was not significant.
With regards to the absolute distribution of the different LDL particle subfractions, no significant differences between groups at baseline were observed. Additionally, sterol-byexercise interactions were not significant. Nevertheless, a significant main effect (Po0.05) of sterols was noted, corresponding to a 13.5% reduction in the estimated cholesterol concentrations in medium size LDL particles. Furthermore, when a within group analysis was performed, estimated cholesterol concentrations within large and small particles were shown to decrease (Po0.05) by 14.4 and 13.4% from the beginning to the end of the trial within the sterol group.
Correlation between LDL size and body weight/body composition Body weight and BF% have been shown to correlate with variations in LDL particle size. Analyses were conducted to see if the decrease in body weight and BF% as a result of endurance training had an effect on the electrophoretic characteristics of LDL particles. Correlational analysis using the pooled data from the combination and exercise group revealed that the decrease in body weight over the course of the trial was associated with increased cholesterol concentrations in small LDL particles (r ¼ À0.52, Po0.0001). In conjunction with these findings, a decrease in BF% was also shown to increase cholesterol concentrations in small LDL particles (r ¼ À0.29, Po0.01).
Discussion
This study shows for the first time that endurance training for a period of 8 weeks decreases peak LDL particle size in conjunction with reducing the proportion of large LDL particles within plasma. Additionally, this study is the first to show that a decrease in body weight and BF%, as a result of training, is associated with increased cholesterol concentrations in small LDL particles. Moreover, in accordance with previous results, this study supports the hypothesis that plant sterol supplementation decreases the estimated cholesterol concentrations within small, medium, and large LDL particles, yet has no effect on the distribution of cholesterol among various LDL particle sizes.
When compared to the subjects not participating in exercise intervention, the volunteers performing 8 weeks of moderate endurance training experienced a decrease in peak particle diameter. This decrease in peak size was accompanied by a decrease in the proportion of large LDL particles. In view of the fact that exercise has been shown to favourably alter other indicators of CHD risk, for instance, by increasing HDL-cholesterol while decreasing triacyglycerol concentrations (Fahlman et al, 2002; Welty et al, 2002; Jafari et al, 2003) , these findings are contrary to what would be predicted. A shift in the distribution of cholesterol from large, less dense particles, to small, denser particles suggests an increase in atherogenic risk (Sacks & Campos, 2003) . Since few studies have been performed, which examine the cause and effect relationship between endurance training and LDL particle size, there is limited evidence to which these results may be compared. Although some studies (Beard et al, 1996; Parks et al, 1998) have examined the effect of combined diet and exercise therapies on LDL electrophoretic characteristics, only a small number, to our knowledge, have been conducted to isolate the effect of exercise alone on LDL particle size and distribution. In a recent study (Elosua et al, 2003) , the effect of aerobic training on LDL susceptibility to oxidation in previously sedentary men and women was assessed. After 16 weeks of training, no changes were observed with respect to LDL particle diameter. Contrary to these findings, in two trials (Williams et al, 1990; Halle et al, 1999) that examined the effect of endurance exercise on LDL subfractions in obese men, the number of small, dense LDL particles was shown to decrease as a result of training. Similarly, Kang et al (2002) noted a favourable effect of physical activity on LDL particle diameter in obese adolescents. More specifically, the proportion of small LDL particles was shown to decrease following 8 months of moderate intensity physical training (Kang et al, 2002) . Thus, since favourable effects on LDL diameter were noted only after a lengthy intervention periods, it can be assumed that longer training periods may be required to elicit positive effects on LDL electrophoretic characteristics. Nevertheless, the conflicting findings presented in the literature further emphasize the need for more research to be performed in this area.
With regards to the effect of sterol supplementation on LDL particle size and distribution, a significant decrease in estimated cholesterol concentrations was observed for small, medium, and large particle sizes. However, these reductions were not accompanied by an increase in LDL particle size, nor were they accompanied by a significant shift from smaller to larger LDL particles. These results are in accordance with previous findings (Matvienko et al, 2002; Charest et al, 2004) . Recently, Charest et al (2004) noted that sterol supplementation significantly reduced plasma LDL-cholesterol concentrations but this change was not paralleled by any beneficial changes in LDL electrophoretic characteristics. Similarly, in a study (Matvienko et al, 2002) that tested the effect of sterol-supplemented ground beef on CHD risk factors in mildly hypercholesterolemic individuals, the LDL particle size did not change, suggesting that the decrease in LDL-cholesterol was primarily due to a decrease in particle number. Thus, although only a limited number of studies have tested the effect of plant sterols on LDL electrophoretic characteristics, all current evidence supports the hypothesis that sterol supplementation has no effect on LDL particle size or distribution. Previous findings suggest that a reduction in body weight and BF% correlates with an increase in large LDL particles (Markovic et al, 1998; Purnell et al, 2000) . In a study by Purnell et al (2000) , after a 10% reduction in body weight, LDL particle size was shown to increase in older men undergoing weight loss therapy. Similarly, Markovic et al (1998) observed increases in cholesterol concentrations of large LDL particles as a result of body weight and body fat loss. Interestingly, the results of the present study are contrary to previous findings. In the current study, it was revealed that a decrease in body weight and BF% as a result of endurance training was associated with increased cholesterol concentrations in small LDL particles. These results suggest that slight reductions in body weight and BF% could potentially put individuals at greater risk for CHD by increasing the concentration of cholesterol in small LDL particles. Although these findings are in contrast to previous results, the association observed between body weight/BF% loss and LDL particle size are complimentary to the other findings presented in the current study which state that short-term exercise shifts the distribution of cholesterol from large to smaller LDL particles. However, since these results differ from the generally accepted hypothesis that exercise decreases CHD risk, it is possible that the current findings are due to a potential confounder; that is, change in diet during the course of the trial. Thus, before a more definitive statement can be made as to whether body weight and BF% reduction as a result of short-term exercise produces deleterious effects on LDL particle size, more studies should be performed to examine this association.
In summary, results of the present study indicate that short-term endurance training decreases peak LDL particle size in conjunction with reducing the proportion of large LDL particles. Additionally, it was noted that the decrease in body weight and BF% as a result of training was associated with increased estimated cholesterol concentrations in small LDL particles. Furthermore, complementary to previous findings, the results of the current study indicate that plant sterol supplementation has no effect on the distribution of cholesterol among the various LDL particle sizes. Therefore, on the basis of modulating LDL electrophoretic characteristics, the present study demonstrates that plant sterols have no effect on CHD risk, while short-term exercise may potentially increase CHD risk by decreasing LDL peak particle size.
